
Self-Assembly of [3]Catenanes and a [4]Molecular Necklace Based on
a Cryptand/Paraquat Recognition Motif
Yang Ye,† Shu-Ping Wang,† Bin Zhu,† Timothy R. Cook,§ Jing Wu,† Shijun Li,*,† and Peter J. Stang*,‡

†College of Material, Chemistry and Chemical Engineering, Hangzhou Normal University, Hangzhou 310036, P. R. China
‡Department of Chemistry, University of Utah, 315 South 1400 East, Room 2020, Salt Lake City, Utah 84112, United States
§Department of Chemistry, University at Buffalo, The State University of New York, 856 Natural Sciences Complex, Buffalo, New
York 14260, United States

*S Supporting Information

ABSTRACT: Hierarchical self-assembly centered on metallacyclic
scaffolds greatly facilitates the construction of mechanically
interlocked structures. The formation of two [3]catenanes and one
[4]molecular necklace is presented by utilizing the orthogonality of
coordination-driven self-assembly and crown ether-based cryptand/
paraquat derivative complexation. The threaded [3]catenanes and
[4]molecular necklace were fabricated by using ten and nine total
molecular components, respectively, from four and three unique
species in solution, respectively. In all cases single supramolecular ensembles were obtained, attesting to the high degree of
structural complexity made possible via self-assembly approaches.

Mechanically interlocked molecules (MIMs), such as
catenanes and rotaxanes, have attracted a great deal of

attention because of their topological importance, interesting
physical properties, and potential applications in molecular
machines, nanomaterials, and biomaterials.1 Although a variety
of promising template-directed methods have been developed to
provide convenient routes to obtain MIMs with the aid of
molecular recognition and/or host−guest chemistry based on
noncovalent interactions, the highly efficient preparation of high-
order MIMs from simple components is still a challenging task.2

The past three decades have witnessed a rapid growth in the
field of coordination-driven self-assembly, resulting in the
development of highly efficient synthetic methodologies for
the preparation of discrete supramolecular entities. Thus, an
assortment of one- (1D), two- (2D), and three-dimensional
(3D) finite supramolecular coordination complexes (SCCs) with
well-defined shapes and sizes have been constructed via
coordination-driven self-assembly.3 This highly efficient and
versatile approach has more recently been applied toward the
construction of MIMs.4−7 The formation ofMIM systems can be
greatly simplified if one or more segments are generated by
coordination-driven self-assembly methods.4−7 Some MIMs,
such as rotaxanes,4 catenanes,5 links,6 and supramolecular
polymers,7 have been elegantly fabricated via orthogonal or
hierarchical self-assembly based on coordination-driven self-
assembly and host−guest chemistry.8 Very recently, we reported
the formation of a suite of catenanes and molecular necklaces, by
employing the orthogonality between coordination-driven self-
assembly and a well-developed recognition motif of 1,2-
bis(pyridinium)ethane/dibenzo[24]crown-8.9

Crown ether-based cryptands usually possess much better
binding affinities than the corresponding simple crown ethers on

account of both the preorganization of the hosts during the
association process and the introduction of additional and/or
spatially optimized binding sites.10 For example, the association
constant (Ka)

10c of the complex between bis(m-phenylene)-32-
crown-10-based cryptand 1 (Scheme 1) and paraquat was
determined to be 5.0× 106M−1 in acetone, which was 9000 times
greater than that of the complex derived from bis(m-phenylene)-
32-crown-10 (BMP32C10) and paraquat. Hence, the
BMP32C10-based cryptand/paraquat recognition motif was
particularly powerful as the impetus for the hierarchical self-
assembly of MIMs.11 Herein, we extended our previously
reported orthogonal self-assembly strategy to the fabrication of
MIMs based on the BMP32C10-based cryptand/paraquat
recognition motif. Two [3]catenanes were constructed; a total
of 10 molecular components from four unique building blocks
were used. Similarly, a [4]molecular necklace was formed with a
total of 9 molecular components from three unique building
blocks.
As shown in Scheme 1, by stirring a paraquat-derived

carboxylate ligand (2), cis-Pt(PEt3)2(OTf)2 (3), and dipyridyl
ligand 4 (4a or 4b) with a 1:2:1 ratio first in H2O/acetone and
then in acetone-d6, guest-containing rectangles, 5 (5a or 5b),
were obtained in one pot via multicomponent heteroligated self-
assembly. Multinuclear NMR (31P and 1H) spectroscopy of the
reaction solution supported the formation of single, discrete
metallacycles with highly symmetric structures. The 31P{1H}
NMR spectra of 5 (5a or 5b) displayed two coupled doublets of
approximately equal intensity with concomitant 195Pt satellites,
which was consistent with the multicomponent Pt−N,O
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heteroligated coordination environment wherein each Pt(II)
center of 5 (5a or 5b) coordinated with one pyridyl and one
carboxylate moiety (Figures S1−S4). Following the formation of
the rectangular metallacycles 5 (5a or 5b), BMP32C10-based
cryptand 1 was added to the solutions in situ and the mixtures
were stirred overnight at room temperature to allow the
generation of [3]catenane 6 (6a or 6b). After the addition of
1, the color of the solutions changed from colorless to bright
yellow, suggesting the presence of intermolecular charge transfer
between the host and guest.
The threading of rectangle 5a with 1 was characterized by

31P{1H} and 1H NMR spectroscopy. Upon the addition of 1.0
equiv of 1 to a 1.0 mM solution of 5a, two new sets of peaks
appeared in the 31P{1H} NMR spectrum (Figure 1b),

corresponding to the formation of [3]catenane 6a. When 3.0
equiv of 1 were added, almost all of the free metallacycles were
threaded to deliver 6a (Figure 1c). This trend was also observed
in a 1HNMR titration experiment (Figure 2). After 3.0 equiv of 1
were added, the 1H NMR spectrum showed two sets of
resonances for uncomplexed 1 and [3]catenane 6a. The
simultaneous observation of peaks associated with both species
supports a slow exchange between threaded and unthreaded
forms on the 31P{1H} and 1H NMR time scales at room
temperature, in stark contrast to the fast exchange between
cryptand 1 and paraquat.10 The peaks for aromatic protons Ha,
Hb and methylene protons Hc of 1 and pyridinium protons H3 of
5a shifted upfield upon formation of [3]catenane 6a, while those
of the pyridinyl protons Hd and He of 1, and H1, H2, H4, H5, H6,

and H7 on 5a moved downfield. The threading process of
[3]catenane 6b resulted in similar 31P{1H} and 1H NMR spectra
(Figures S11 and S12).
The hierarchical self-assembly of the triangular [4]molecular

necklace 9 was induced using a similar strategy to that of 6a and
6b (Scheme 2). An initial self-assembly between 2 and a 60°
Pt(II) acceptor (7) furnished discrete metallacycle 8. Multi-
nuclear NMR (31P and 1H) analysis of the reaction solution
supported the formation of the highly symmetric triangle 8
(Figures S5 and S6). The 31P{1H} NMR spectrum of 8 exhibited
a singlet at 18.83 ppm, which was accompanied by 195Pt satellites
(Figure S5). The addition of 1 to a solution of 8 in acetone
resulted in the generation of [4]molecular necklace 9 after
stirring overnight at room temperature. A color change from pale
to bright yellow was also observed upon the introduction of 1.
The threading process between 8 and 1 was monitored by
31P{1H} (Figure 3) and 1HNMR (Figure 4) spectroscopy. When
1 was added to a solution of 8 in acetone-d6, new sets of peaks
appeared in both the 31P{1H} NMR (Figure 3b) and 1H NMR
spectra (Figure 4b), indicative of the formation of 9. After 3.3
equiv of 1 were added, almost all of 8 became threaded (Figure
3b and Figure 4b), indicating that a significant excess of host was
not required for threading the trigonal system. This efficacy
implied a high binding constant for the complexation between 1
and paraquat derivatives. Upon the formation of 9, the proton
signals for Ha, Hb, and Hc of 1 and protons H1, H2, H3, and H4 of
2 shifted upfield, while those for protons H9, H10, H11, andH12 on
7 and the pyridinium protons Hd and He on 1 only displayed

Scheme 1. Self-Assembly of Supramolecular Rectangles and [3]Catenanes

Figure 1. Partial 31P{1H} NMR (202.3 MHz, acetone-d6, 22 °C) spectra
of (a) metallacycle 5a (1.0 mM), (b) 5a (1.0 mM) + 1 (1.0 mM), and
(c) 5a (1.0 mM) + 1 (3.0 mM).

Figure 2. Partial 1H NMR (500 MHz, acetone-d6, 22 °C) spectra of (a)
metallacycle 5a (1.0 mM), (b) 5a (1.0 mM) + 1 (1.0 mM), (c) 5a (1.0
mM) + 1 (3.0 mM), and (d) 1. Complexed and uncomplexed species are
denoted by “c” and “uc”, respectively.
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small changes. After 6.6 equiv of 1 were added, the 1H NMR
spectrum became sharper and clearer (Figure 4c), suggesting the
formation of a single, thermodynamically stable supramolecular
structure.
The host−guest interactions occurring in [3]catenanes 6 and

[4]molecular necklace 9 were further confirmed by 2D NOESY
NMR experiments. In the NOESY NMR spectrum of a mixture
of 5a and 1, NOE was observed between ether protons Hether on
1 and ethane protons H2,c on 2 (Figure S15). Likewise, NOE
existed between Hb,c on 1 and ethane protons H1,c on 2 in the
NOESY NMR spectrum of a mixture of 5b and 1 (Figure S16).
NOE was also found between ether protons Hether on 1 and

pyridinium protons H3,c on 2 in the NOESY NMR spectrum of a
mixture of 8 and 1 (Figure S17).
Electrospray ionization mass spectrometry (ESI-MS) studies

provided further evidence for the stoichiometry of formation of
the assembled metallacycles, catenanes, and molecular necklace.
In the ESI mass spectrum of 6a, two related peaks that supported
the [3]catenane 6a structural assignment were observed (Figure
S21), including a peak at m/z = 1661.11, attributed to [6a −
3HOTf + 1Na + 1NH4 + 1H]3+ (Figure 5). In the ESI mass

spectrum of 6b, two peaks (Figure S22) relevant to the intact self-
assembly were observed. With respect to 9, two peaks (Figure
S23), including a peak at m/z = 1613.76 belonging to [9 −
6HPF6 + 2K + 1Na + 1NH4]

4+ (Figure 5), were found, which
supported the formation of a [4]molecular necklace structure.
Ten and four relevant peaks were observed for metallacycle 5a
and 5b (Figures S18 and S19), respectively, while six peaks were
found that supported the assignment of triangle 8 (Figure S20).
All of these peaks were isotopically resolved and agreed very well
with their calculated theoretical distributions.
In conclusion, two [3]catenanes and one [4]molecular

necklace were efficiently constructed via hierarchical assembly
that used both coordination-driven self-assembly and the host−
guest recognition between BMP32C10-based cryptand 1 and
paraquat-derived carboxylate ligand 2 as complementary
methods. Studies on the dynamics of threading and the
structures of the resulting [3]catenanes and [4]molecular
necklace were conducted using 1H NMR, 31P NMR, 2D
NOESY NMR, and ESI-MS. This orthogonal design strategy,
which successively uses highly efficient coordination-driven self-
assembly and the host−guest complexation with favorable
binding constants, greatly facilitates the construction of MIMs

Scheme 2. Self-Assembly of Supramolecular Triangle and [4]Molecular Necklace

Figure 3. 31P{1H} NMR (202.3 MHz, acetone-d6, 22 °C) spectra of (a)
metallacycle 8 (1.0 mM), (b) 8 (1.0 mM) + 1 (3.3 mM), and (c) 8 (1.0
mM) + 1 (6.6 mM).

Figure 4. Partial 1H NMR (500 MHz, acetone-d6, 22 °C) spectra of (a)
metallacycle 8 (1.0 mM), (b) 8 (1.0 mM) + 1 (3.3 mM), (c) 8 (1.0 mM)
+ 1 (6.6 mM), and (d) 1. Complexed and uncomplexed species are
denoted by “c” and “uc”, respectively.

Figure 5. ESI-MS spectra of [6a− 3HOTf + 1Na + 1NH4 + 1H]
3+ (left,

bottom, blue) and [9 − 6HPF6 + 2K + 1Na + 1NH4]
4+ (right, bottom,

blue), and their simulated spectra (top, red).
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with high structural complexity from simple components. This
method is readily adapted to the self-assembly of other
topologically complex supermolecules.
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